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Abstract  
Water distribution network, one of the most important and most sensitive urban infrastructures, has 
recently been observed with regard to population growth and consumers' needs to increase with 
challenges such as reducing the pressure and discharge that are due to unsuitable design and are based on 
economic goals. In order to overcome these problems the reliability of the network should always be 
considered when designing an urban water distribution system. In this research, to optimize the water 
distribution networks, two main objectives of cost minimization and maximization of network reliability 
were considered. To calculate network reliability, the Tondini's Resilience Index and its hydraulic 
simulation EPANET 2.0 model were used. Then, using the second edition of the evolutionary algorithm 
based on the strength of the Pareto (SPEA2) and creating a dynamic connection with the EPANET 2.0 
hydraulic model in the MATLAB software environment, the multi-objectives of the four water 
distribution networks including Two-Loop, Kadu, Hanoi networks and D zone of Mashhad were 
optimized. Simultaneous optimization of two main objectives including cost minimization and 
maximization of the Tondini's Resilience Index led to the production of optimal solutions in the form of 
the Pareto front. An optimal solution, called Point C, was introduced using Young's bargaining method 
from the final Pareto front in each of the networks. Selected C solution in two-loop, Hanoi and Kadu 
networks increased 22.91, 17.13 and 7.41 percent of the network average pressure compared to its lowest 
cost in this study (point A). Also, the selected C solution in D-zone network of Mashhad, with an increase 
of 4.23 percent of the network average pressure compared to the initial design of the consulting company 
(point D), illustrates that the solution designed by the consulting company would be the dominate solution 
under the final Pareto front of this study. In this research, the Tondini's Resilience Index shows that, 
based on increasing nodal pressure, it has the ability to increase the reliability of the network, which 
causes critical condition of the network or failure of the pipes, with high reliability, providing adequate 
pressure and discharge in other nodes. Also, the satisfactory performance of the SPEA2 multi-objective 
algorithm in providing the optimal Pareto front for the issues indicated showed that the design pattern 
developed in this study could provide an optimal set of solutions to the employer to select the points in 
which the two factors of cost and reliability are combined in a favorable situation. 

Keywords: Reliability of the Network, Pareto Front, Water Distribution Systems, Multi-objective 
Optimization.



dx.doi.org/10.22093/wwj. 2019.152398.2763 19
Original Paper

����� ��� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 30, No. 6, 2019 

و فاضلاب، دوره 18-34، صفحه:6، شماره30مجله آب

�67� ��$	$
8 �!��9 �� "# :�( ; ��	 (� '��,��� "�; <=�� ��
#
�
�� ;  ;��� � 0 �� �
�7� ��
�-��� ���� >2� ����� ?��6; �@�& 


<`%+ ^"�\�&
��M'
H �)��^ ^�<J(*)5a.���� U�^��A �&b

N>
"���#@�2?#�@*8���@�B	
 �A,)���� 5��OA
����? 5�B���# ,78@,
)�#�� 5�/���#A,� ,�������� 

G>���#�,�� )���� 5��OA
����? 5�B���# ,78@,)�#�� 5�/���#A,� ,�������� 

�)�5��I (4
KI�farid-h@um.ac.ir 

P>)���� 5��O ,#�2)�A
����? 5�B���# ,78@,)�#�� 5�/���#A,� ,�������� 

������)	�/�/
�������/��/
�(

/�$0� ��( �� 1 �� �2��� 3�� �� 4�5�� A���:$�����,� 
��9�-* 	���" .�	� ��'�!�1 		.: 	��,�� 	.�.;���� 	"%<=> %1�9� ? �'��@ (�A BC�> "� ���
��� �� ($ D!"�A ��9 %E�� ,� !��A ��,$ 

�A��F G�H �� � �=* �>,�.��1 ��!��IJ� %�1�! K*�<A "	(0&�1 , ($ %23*�4)6	(�L���.Doi: 10.22093/wwj.2019.152398.2763 

����� 
�1H< ]�	 @# &1� LO ��@�� 6�5 k��" � 8��� G\�/��@ 8��� &	 6��< 6�5 � GR%�>; �R<� �R� �R;�� �R� C#�R%\# �R7 ��<��

V��	 @�%� Q�#$�# ������7.Q��2 �� ���� G�1< � ���� Q5�7 
%HT @# &��5 �R� &->5 �7 ��9�5 ����� �5 &R"#�E GR3( 6�R5
 6
��9T# V#�5# �� &�9H	 � g/��	��G/# )�#�R>5 6��R< LO ��@�� ���	�/ J� &"#�E ��-�5 �
 �M1�	 8�# ��� 6#�� . �R��� 

���%>E# Q5�[RZ 8�# �
 .
�< �9��� �e� �
 $%� �1H< 6��?Z �R� ��Re�	 �R�%�� �tHR< 6@�R/ LO �R�@�� 6�R5.&3RW# V�R5 �

��%>7 ��%�%� � ���$5 6@�/ ���%>E# 6@�/ ��R�%>E# �HR/�D	 6#�R� .�R< �9��� �e� �
 �1H< 6��?Z f\�R< @# �1HR< 6��?RZ
L�� � &��
�� 6��O6#�� �%H< :�	 @# �O &1%����%5 6@�/EPANET 2.0 ��R-�# ��
 ���� @# )
�a9/# �� =u/ .�< )
�a9/# ]9�

) ����Z ��T �� &�9H	 &3	�1�SPEA2 &1%����R%5 :�	 �� ���Z v�H��# 
�K�# � (EPANET 2.0 ��R� ^%RD	 �
 �#$R�#MATLAB .
��%�� �1H< 
	�< LO ��@�� �tH< ���2 ���5 ��2 6@�/ ��3"�
 6�5 �R��Z � 6���R5 .�
�R7 .6#D.GR��� ��RK�# ��R�	 ��R<
��%�� %>7 
	�< &3W# V�5 �
 ��	w�� 6@�/����%�%� � ���$5 6@�/ L�� f\�< 6@�/ xR/�Z �R%��� �� �K�	 &��
�� 6��O 6�R5

 ����Z ��H; g��T �
 ��%���<�_�� �#��( GD� ��%�� x/�Z J� .C���2 `�� @# )
�a9/# �� &�@Young &��R�� 6����RZ ��H; @#
�1H< @# J��5 �
 )�< �%��� &���	 �5<g�9�	 x/�Z .�C�1H< �
 ��3"�
 6�5 �R� �
�7 � 6���5 .6# gR%���ry/ll.y{/yo�

qy/o8�# �
 �O ���$5 8��9>7 �� GH�� #� �1H< ^/�9	 ���� �W�
Q5�[Z �_��)AgR�9�	 x/�Z 8%�!>5 .
#
 Q�#$�# .(C
���Z �1H< �
DQ�#$�# �� ���	 ��<l{/q�_��) ����	 G7�< �%��# &"#�E �� GH�� �1H< ^/�9	 ���� 6�W�
D��R�� (

�� ����	 G7�< ^/�� )�< &"#�E ���$� 
#
 8�# &���� 6����Z ��H; ��@ �
 L�3U	 &�/�Z �#��(Q5�[Z &R	 �#�RT �
 .
�R%�
 8�#Q5�[Z L�� f\�< B�� G�; �
 #� 
�\ &���#�� &5�� ���� Q�#$�# �� �%1� �� &��
�� 6��O ��R�%>E# �
�� �1HR< 6��?RZ

&	 g;�	 �	# 8�# �7 
#
 ���� �1H< 
�<���� G�1< �� � &�#�D� ^�#�< �
 � ��R�� 8%	|� �� �
�T &�B�� ���%>E# g��N �� .�5
 ���5 ��2 ]9���-�# Q�� G��N� 
�t3>( 8%�!>5 .�<�� v��� ���/ �
 g/��	 &�
SPEA2 6#�R� �R�%�� 6����RZ ��H; �A#�# �


 
#
 ���� �e� 
��	 
A��	 �} 8�# �
 )�< )
#
 ��/�� &"#�E 6�-�# @#5�[ZQ&	�� �#�� �R�%�� L#�; �(�>K	 ~� �A#�# ��e�	
�O �
 �} &E��� L��9�# 6#�� .�	����7 �� ���%>E# � ���$5 
	�( �
 �5 �5 .
�>� )
�a9/# .��9�5 &��3_	 ^�#�< �
 ��	w�� 6��?Z 

�K�# ��- L��-:$����)� 8��(1 NOD P��
: 8Q'? N
:��. 8('2 N8Q'? -��R. 8��� ��S -��
 

�/	�*0� 
�������J� ��������3��4G����!�5�� h,���� $� $ =6������6" 3��K����

G���!�5�� G���!�5�� .����� ���C,+ ��,��" =6�.$�
���% 3��K��� 3��K���
����J� =������,+ ���� =6�����6" =��" �,����" )�����J2+ �� 3������� .�,��R 

G�!�5�� �Y�5	 �8�,�� /�"L+ �� =6�.$�
�% 3��K� �� �� =��O9" �

=�" �,��" �H� ��," G�6" $ G�"� �� $ ���� ��," 3�%��9� �� .�,�R
G���!�5�� ���� =6�.$�
���% 3��K��� /�"L��+ �� ���"���� =������,+ )�,��?

 0��"�� ���X E���R �,C$ �� 4�<6R �� =.,B( -��( �l� �� )�"
W
=" N��1+ G��!�5�� �	 ��� 3�$�� �86� /�� �� �C,+ .�,R 3��K��



�BQ  ���	��� +M��R �* 78 C�

� ��	... dx.doi.org/10.22093/wwj. 2019.152398.2763 
20

����� ��� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 30, No. 6, 2019 

+ �� >�M��? 
��� =6���6"G�!�5�� /��1 ��H� �� =6�.$�
��% 3��K��
G�!�5�� =������ /�����!� .�,R �8��V ��  ���,+ ���"��� �� 3��K�


��� �
���5�(�� ���9� 4�
R ���� -�,M+ �� ��
i" ^��� �� �� ��	 3�
=" ���� -�,M+ �� ��9� G� �� ��	 =���"� 4�,R 
���� ���� -��,M+

 G� �� 
��� �� �	 ���"�� �� =��6" $ �,R 4�,�R ���� -�,M+ )�,�?
.���V G�!�5�� N�?,+ P�#!% ��J� )���J2+ =6���6" 3��K� 43�����

 �� ��	 ���� =8($ �� �B<� 3�89�� P�J�� 3���� �<6R 3�$
� �+
=" �M� =6�.$�
�% ��6'5� ��," ��� /65" ��6�$� /��8J� .�,R

 ��<6R /������!� .
�R�� ��6'5� ���1" �� �<6R N��1+ ^��� ��
.$�
�%=6��=" F� =��"� �� �� =�!�1" ��
i" 
��,8� ���"�� �	 
%�

+ /�1" ��9� �� $ P,'1" G�"� �� 4nO9" G�6" ��L.
!	 /�" 
�� =W��G��#9%$S� [$� �� ���:8�� �� $ ���
%
!Z -� 3�% ���

�� G�!�5�� �� =:���1+ 3��V��e �� 3��K� nW�R )�,? 3�% 4=1l(
�dBR =���� �� W���� =������ 3�%8�
�� .

0���� �� =!��,��+ {||| =������ )�,��? �� ���e ����e ������
�dBR 3��!B" �� =������ 3�% (��85e ��� $ �8�9�� ���) c��(� 3�����

��V ��9� $ =�� )��,�( �� 4�% ��<dR 
�!��") =������ �$�� P�#!%
�.,. �� =d� �� (�% ��2�� �'� =��� -��,M+ �� ���( �dBR 4=���� ���

 ���" �� =��e ��9� $�
!!e ��V �V� 4/�����!� .�,� 
%�,O� 3���� ��%
�� 3�89�� 3���� $ G�,+ 0��58�� 4
!�R�� ����� ��,�" -(�
�� ��
�i"

 �� �dB�R `���!" ��d'5� 
�%�,W 
������ =������� �$��� E����R
���� .3���� /�� 3$ �� �� =���� ���
��� nW��R ��� G�,!� 3���V

����l1�� 3����� �� 3��K��� �6B��R .�����V ���H� �� =!��,��+ nW���R
��+ �$�3� ���!�9��C G�,!�=G�!�5�� 3��� �,�5� ��J!�9�� 3��K�� 

(Todini, 2000) . 
nW�R��+ 3�$� �,+=6� =!� �+�����	 �� ��/�nW��R ��%3

5��G�!� K�3�� "� ���!� �6BR ��%3�,+  �� ������.��� �� ��V�
���"�� 8<6R=�" ����*+ �dB�R �� G���C &��� 4
%� F�=�� $ 
�!	

�8�2� " 
����� ���=
��� >�"$�. �dBR $�� 3�8�9�� 3���� ����" 
���� &8<�� �V� /�����!� .��e 
%�,W3���V �� �����" ��9� 
�R�� ��%

=" ���V ������," 
% -(�
� $ 
!e -5M+ �� ���
W� �<dR 
��,+ ��%
+ ��L�5� /�"
����� �"� .=� ����V
� ����� ��,�" ��9� -(�
� /�"L+4

" ���C� ���� ��=�Z,e �+ 
%� G���� $ /��+ /�d5" 3��%�l( /��+ 

1 Hydraulic Failure 

�� .,. 3�������:8�� �%
!e � �� $/�G���� �dBR =���� $� `B�� ��+
���2� ��V �� ����" 
% -(�
� �" �
�!!e ���" 3�%=���� �� .�,�R

��V �� ����" ��9� 4�#�� ��.,. �� ���:8��� P�'8�<" �% g���� 3��% ��+
��� �!��% �	 �3�89� .���� 0�B�� �� �� 

0�� �� =9%$S� ��pzut �!�J� =���� �� �6BR ��
% $� 3���
�� ��  ��,+ ��8�� &8��,#.� �'��${���+ nW�R $=!��,�+ 3�$�

 
%$S� /�� �� .
R �8W����� ����2� ��*+��� �,#.� ��&8� 8�� ��� 
$`+�" ����3�,'*"��� 4� ���6'5� /�� ����� �� [$�=���
% $�
�8<�&�%3�,+ ������� �,BJ�.-� ��� �%=���85	 ��/��%��!� $
�/��89� ��+ �$�3��!� �M+3�%,� ����� $ �6BR �<6R
������ 

���" "L�+ ���M. �� 4G�V
!!	/�5	��!� ��V ���2" ���9����,�" 4��%
����=�8� $ ���V ���(m�-� ��� �	 ��� G�9� �%33���� �/��8�9� 
��+ �$�34� /5���2� ���V �� ����" 
% ��%4���R ��M+E�����M�=
���	=��3�89� ���
���� )Ostfeld et al., 2013(.

0�� �� =9%$S� ��pzus ��=���� .
�"=����3J���!� 3���� 
�6BR �%3�,+ ������'��$ �,�#.�&8� J���!� 3���� P������ )��_

)PSO(.
R �8W���� /�!\5%���� $ ��9� �.,. �� �� �6B�R 3�% 
�� ���:8�� �� BR����� %=6�.$�
� Epanet 2.0 �B��M" .
�
�R 0
�"

�1�,+ /�� �� �8���
%$S� =����� ��� ��� G��9� ���9� �����V ��% 4

% )�:'+���� $�.,. �� �� =" �% ���2�� �6B�R 3��� =.��1+ G�,+

 ��
i" �� �� �6BR �!��% -?�� 0
" ��� G�9� m��8� .�,5�{�
�?��
 
%�	 ��.$� �!��% �� �B<�="
%� ��V ��9� /�"L+ �� =.D8W� $��%

=5� ��2�� �,R )Surco et al., 2018(.
0�� �� =9%$S� ��pzus ��$����6� 
C
�� ����3�����
�

���	=�[$� �%3��98	�=3��� �����=J���!� �&8�<� 3��% �,+  �� 
�� �b��� .
R �/�$���6� ����� ��� 
%��	 ��,8��� ,28�<C 3����

 �	 ���3��� =" N��1+ �6BR �� �.,. �% ��O8�� ��� [$� /�� .�,R
  ���,+ �6BR /�
!Z 3$� �� $ 
R ���� �1�,+ ��8�� &8��,#.� ��
 /��� ��� G��9� m���8� �J8�� �� .���V ���( =���� ��," nW�R ��

 ��� ���<� �8��� �1�,+ 0
" c�(� $ �+ [$� ���� �� �+ �%4�� �'Q<"
���� �5� �� �,� �!�J� 3�%="
%�)Reca et al., 2017(.

4
%$S�� /�� �� �
% $  ���� 4c��(� =.
�" �1��,+ $ /�$
�+
 =6�.$�
�% ��M. �� /Q5l"3��� ��!�J� $ =���� �6B�R 3���� 3��%

 
2 Genetic Algorithm (GA) 



S�
���	�.� ����T�	 � 5#�
 dx.doi.org/10.22093/wwj. 2019.152398.2763 
21

����� ��� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 30, No. 6, 2019 

.���� 3�J�R ��  ��,+ ��]e� �� 
%$S�� 3��% =����� ��� �8�RKV
nW�R G�!�5�� 3�% N'8O" 3��K�4�!�J� �� =1� �6BR 3��� 3��%

 ��  ��,+ ���� �
�R 0
�" $�6B�R 3$� ��� ��% ��� $ =���� 3��%
�Z,	 &��51+ -�	 �� m��8� $ �<+ ^��i" ���� �
�R /��� �� ��"� .

�� �� 
%$S� �
83��� ���� �<��i" )�1.�l" ���� �� �
R 
�.,+ 3�%
�M? $�
R ���� �1�,+ 0
" =2!�4��nW��R �6BR �� =���� ��

 /�9�� )�1.�l" 
R �8W�����"��� �� $4�� =1(�$ �6BR �� =����
 ���$
�M" $ =�1(�$ E����R ��� 
J9" �JR G����� =6�.$�
��% 3��%


R P�2��/�� �� ��5%� �b�� )�6� �� . 
%$S� ="����9+ ��� G�,+
�!�J� -"�	 �6BR ��
%$� 3��� 0
�" 0��+� $ 3�JR ��  ��,+ 3�%

�!�J� &8��,#.� �� �� =6�.$�
�% ����R� ,+���� �JBC �� =!8B" 3���
�� �,W h,� �� h,�," /�� �	 ��	 
%$S�� �� 3�$�,�� G�,!� 3��%

 �,<M" ='W�� =�" �,�R �6B�R ���.$� E����R ��:� ��� [$� /��� .
�,+� ��V �% 3���i+ /�"L+) 3�JR ��  �������� ��� (c��(� �,��

 3��%�l( �� =1���$ ��!"�� �b��� $ �6BR �� &	�� =6�.$�
�% /���,(
�.,. �� ���% 3��� 3��2+ �%4�!��V >D5� �� �� =���� N'8O" 3�%

=" �<+ /65" G�"� /��85	 ���� �� �,'*"�� �JBC �� $ 
!	 3�%
 ���% ���:� 3�8����� �� ���!�J� $ ���!��%) �6B��R ='��?� �
��% $�

G�!�5�� =" �b��� �� 
!8<% &%�� ���+ �� ��1(�$ �� �	 (3��K� .
%� 

1/2�� � ��+� �"

��!��% G���	 �!�5	 -"�R 0$� �
%  ��+4��.,. ��l( ���O8�� ��� ��%
���� =��" �B����M" &�5���+ ����*8" G�,��!� ���.��1" .�,��R��
��%  ����+

�!�5	 =" G�9� �� �!��% 3��� 
%� 

)�(LDCF ii

npipe

1i
iobj )(minimize ×= ∑

=

�e /�� ���.��1" 
Fobj ���!��%  ��5C �#������ ���.,. P���5+ 3$� ���� 3���� ���	 ����� =����%

 nW�Ri) 4
!8<%C��D��.,. 3��� 0,� 
��$ �� �!��% ��l( ��� 3�
D�4L��.,. 0,�i$npipe �.,. ��
1+ ���"�� �� �%���.

��� ��R �� �'Q<" �� &	�� �,�(���:
�.��1" cB�{=#8�,�� G,��( ��V �% 3���
��� 
R�� ���(�� 

){(dQQ j
out
j

in
j =−∑∑

�e /�� ���.��1" 
Q��� $Q�
�� �� G���C `�+�+=" ��V �� =C$�W $ 3�$�$ $ 
!R��d�

.��� ��V �% �� ���i+ �� =���" G���C 
=" 3���� 3�i� G,��( �6BR �� �i'� �% �� �8�R,� ���� -6R �� 
��,+

�,R 
)t(NLl,0,looplk Hk ∈∀=∈ ∆∑

�	 �.��1" /�� �� 
Hk∆��.,. �� ���9� ���k4NL ��i'� -�	 ��
�1+ $ ���"��� �� ��%l

���V /�� 
% )$�:+ �.,. �% �� ��9� ��� .��� �i'� �% ��1" 3��%
G��% �.��1" �� ���:8�� �� $ ��� �#�
5% �� -�8"I�B���M" �"��'�$

=" �,R 

)�(npipek,Q
DC

LHHH k
kk

k
k,2k,1k ∈∀ω=−= α

βα∆

�.��1" /�� �� �e 
H1,k $H2,k �.,. 3�J8�� $� �� 
%k4ω-�
B+ ���@3�%
��$ �.��1"

���� �%
��$ �� =#8<� �	4α
kC��.,. 3��� `���k��� �8�<��$ ��	

��� �.,. a!C $α$β=�" G,����V� `���� ��� ��C,+ ��� .
!�R��
 P��� �� 
��( /��� 3����(�� ��� �,���" ��.��1" -�� 3��� �6!�� ������

EPANET 2.0 ��� �
R ���:8��4��
i"ω�������~/�|$α$β
�� `�+�+�}{/�$�~�/�=".
!R�� 

�.��1" 
��� �6BR �� ��V �% 3��� /�!\5%}
R�� ���(�� 

)}(ND,......1j,HHH max
jj

min
j =≤≤

�e /�� ���.��1" 
H���V �� ��9� 
%j4H���� $H���� �� ��9� �!�9�� $ �!�5	 `�+�+

 �� ���� ��," ��Vj$ND ��V ��
1+ �6B�R �� �,�C," =����" 3��%
.��� 

�.,. �� ��2" ���� ��$
M" �B��M" 3��� /�!\5% �6B�R 3�%
 �� �.��1"�=" ���:8�� �,R 



�BQ  ���	��� +M��R �* 78 C�

� ��	... dx.doi.org/10.22093/wwj. 2019.152398.2763 
22

����� ��� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 30, No. 6, 2019 

)�(VVV max
kk

min
k ≤≤

�e /�� ���.��1" 
V����.,. �� ������k4V���� $V���� ���� �!���9�� $ ���!�5	 `���+�+

 �% �� ���� �.,.k$NP �.,. ��
1+ .���� �6B�R �� �,�C," 3��%
 �.,. �% �l(
��� ��	 
R�� �,C," 3��2+ 3�%�l( ��,52" �� c'18"

 �.��1"~=" �'Q<" 
�( /�� �
!%� G�9� 
R�� 

)s({ } npipek,DDk ∈∀∈

�	D��.,. �l(k$D.��� �,C," 3��2+ 3�%�l( ��,52" 
/�� ��
%$S� ��+ nW�R N��1+ �� �� =!��,+ 3�$� G�,�!�

 G��!�5�� /��#���C nW�R ���+ .
�R ���:8��� �6B�R 3��K�� 3�$� 
�,8	��31l(=� �e ����#��� 
!5��,+3"L+ �� �6BR/���=��V ��%

 �<6R  (�," �� ���� ��� P$� �
�%  ���+ . )�,�? �!��9�� 3����
��+ nW�R 3�$� �.��1" cB� =!��,+�=" N��1+ �,R 

)�(
∑ ∑ ∑

∑

= =−
γ

+

−
=

R
1r

B
b

N
1j jj

b
rr

N
j jjj

hrqPHQ

hrhaq

)(

)(
RI 

�e /�� ���.��1" 

N��V ��
1+ 4���i+ 3�%q���V �� (=���" �� =8R����) ���i+ =��j4
ha���V �� ^�8�� -��( $ �,C," 
%	j 4hr�3���� ��2" 
% &5�!�"
 ��Vj4R4G��O" ��
1+Q!G�O" =��r4�6B�R ��K*+ P�#!%H!
�%

G�O"	r 4B4�6BR �� �,C," �5� ��
1+P#E��,+ �
R 
�.,+ 3����
 �5�b$γ�� �,�O" G�$���.

� P�k 0��� �� nW��R /��� ��� �	_ �{|�� =!������ ��,�"
 ���V ���()Creaco et al., 2016($��� =�!8B" ���6�$� �� ��6+ ��

 ��@L+ 0�5�� -�B( �� =��C =+����*+ [,O8�� nW�R ����i" 4��9�
 ����( �6B�R �� ��9� ��@L�+ $ ���V G� 3����i+ =��� �� =%�V ��9�

  "��C N���1+ $ ���V ��b��� G� �� 3��+ 
�R 
%$S�� /��� �� ��"� .
�� ���� -�.� ��H� �� $ �'Q�<" 3���� =��� ��� ��9� ��@L�+ /8���#�

 4=�%�V ���9� �� ����i+ =��� /�"L�+ G�,�� -i8<" $ =%�V 3���i+
���V ���( ���:8�� ��," =!��,+ =5�
( N��1+.

1/�/N$<�+!X�� Y�� 	cJ% 
��!7SW!5$E�W+S��!: G+!D ^!?�

)SPEA2(

�/�[$� 
!��5% [$� ��,�C ���15C ��� �$D�� ���9" 3�% �� ��%
 ��:� 3��� 3�#�� ��15C �C��, 3��% -�<� 0,�� �� ��!�J� 3��%

=" ���:8�� &8��,#.� 
!e)Zitzler et al., 2001(.P��V ��"��� �� 3��%
 &8��,#.�SPEA2 =" G��� -"��R &8��,�#.� /��� ='�?� ��i'� 7�,R

 ����15C ��
��1+ :3�$�$N,���R�� ���
���� 4N&�����6+ 4T:=��C$�W $
�,'*"�� ��,52"A���.

Y�_�(
���� BM��.,+ :
�15C��.$� ��P'=.��W ,��R�� ��15C $

)P&' ( ∅ G������( $ (t ( 0.

Y�!!_1(_*!!%M�^? 	E!!��>�W:�B����M"��
��i" V
�������=�� ������

��,52" P�$P&�.
Y�_�(:��c$%� �,'*"�� 3���� 0�i8�� P�$P&���P&�,- . ��
�1+ �V�

 �,'*"���� 3������ P&�,- ��N&��8��9� �� ���:8���� ���� ����#�� 4�,��R
3�%�#'5� ���� ��
1+ 4�K�=�" �����=
�,�R ���
��� ��V� $P&�,- 

�� �85	N&�� ����� ��
1+ �,B5	 ��#�� 4
R�� N&�,�'*" 3����� ���
�� �
R P�$P&�=" G��BC .�,R 

Y�_P(�^�e<:	�S�@ +�,?��=���R ��	E�4�,�R c�iM" N�(,+

��1" ��#��=�,'*"�� 3���� P&�,- ������ G�,!� �J� 3�%=�.

Y�_T(	0?�!J� ��c$%� :B� �i���<" ���O8�� �� ���:8��� ��JC 43�


.�$ ��O8��/���,52" �� P&�,-.
Y�_�(f+5$� :BM�� 	�+ 3�%�#'5� �� ���:8��`�3$� �� 
JC $


.�$/���� �,H!"��2� ��,52" P�,-.
����
���� �
���5�R ��� 
���$ �t ( t . 10 tP��V ��� /8��� ${

-dR)�(.

1/1/�*� "W7)���*) EPANET 

8�� ����� �� a� �
���� P�� �� �H� ��," �6BR 3��� �����EPANET 

2.0 �6BR -��� 3�,8M" �� =C$�W �� G� �� $ 
R �8��V E��M" ��

`'8"{=��,W���
R��"���� E��M" �� ���W )��,8��� 3���C� �� . 

=��,W��� =6�.$�
�% 0
" 4`'8"
RG� �� �H� ��," �6BR -��� $

1 Strength Pareto Evolutionary Algorithm 2 
2 MATLAB 



S�
���	�.� ����T�	 � 5#�
 dx.doi.org/10.22093/wwj. 2019.152398.2763 
23

����� ��� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 30, No. 6, 2019 

Fig. 1. Overall flowchart of improving the Strength Pareto Evolutionary Algorithm (SPEA2) 
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Fig. 2. Two-loop water distribution network 
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Table 2. Available pipe sizes and their unit costs for two-loop network 
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Fig. 3. Pareto front of two-loop network optimization 
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�� ��� �� G� 3�$�

 E��,8" ���9� �� �
��� )$��:+ ��� ��C,+ �� /�!\5% .
%� 
�����
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 E��,8" 
������ �� =��,5'" ����*+ ���� �8<��,8� �6BR �� �!��%
 �li� �� �B<� �6BR =%�V ��9�C.
��5� ��2�� 

�/1/	7E� M+S<Q��B+%�" 

�,9e �� 3,��% �JR =������ �dBR �� ��� �,��" P$� 0�]" P�!8�$
dR �� �e�-�5R�'e 3��G� ==" �
%�9" .�,R��� /�.$� �6BR /�� 

��*KbI�.,. �l( ����i" ��i� 3��� �%A4B$C
Table 3. Pipe diameter for A, B and C solutions 

Cost ($) 87654321Pipe number

419,00011010164161018Solution A 

3,980,0002424242424242418Solution B 

1,090,0001820181814202018Solution C 
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��*Kg/��V ��9� ����i" �,+ nW�R $ �%�!=��i� 3���A4B$C
Table 4. Nodal pressures and Todini’s resilience index for A, B and C solutions 

Todini’s Resilience 
Index765432Pipe number

0.210330.5530.4433.8143.4530.4653.25Solution A 

0.903642.6437.6452.7447.7842.9353.25Solution B 

0.799741.5536.5551.8847.1942.4153.25Solution C 

Fig. 4. Hanoi water distribution network 
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Fig. 5. Pareto front of Hanoi network optimization 
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��*KhI��V )��O9" �.,. $ �% 3�% ,��% �6BR3
Table 5. Node and link details of Hanoi network 

1716151413121110987654321Pipe number 

1750273055050080035001200950800850850450145011509001350100 Pipe length 

3433323130292827262524232221201918Pipe number 

95086015016002000150085030085013001230265050015002200400800Pipe length 

1716151413121110987654321Node number

86531028061594056050052552555013501005725130850890-19940Discharge (m3/h)

3231302928272625242322212019Node number

8051053603602903709001708201045485930127560 Discharge 
(m3/h)

��*KiI�% $ ���
����!�.,. 3�% ��� ��O8�� -��(3,��% �6BR3
Table 6. Available pipe sizes and their unit costs for Hanoi network 

654321Pipe number
403024201612Diameter (inch)

278.280 180.748 129.333 98.378 70.400 45.726 )$/m(Cost

��*KjI�.,. �l( �li�) 3,��% �dBR =���� 3,+��� �� �
R ��O8�� �li� 3�%C(
Table 7. Pipe diameter of Hanoi network for C solutions 

17 16 15 14 13 12 11 10 987654321Pipe 
number

24 24 12 12 16 24 40 40 30 40 40 40 40 40 40 40 40 Diameter 
(inch)

34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 Pipe 
number

40 16 16 12 20 20 24 20 20 40 40 40 20 20 40 30 24 Diameter 
(inch)

��*KkI��V ��9� 3��� �% �li�) 3,��% �dBR =���� 3,+��� �� �
R ��O8�� �li�C(
Table 8. Nodal pressure of Hanoi network for C solutions   

16 15 14 13 12 11 10 98765432
Node 

number

42.2639.5739.537.3941.5141.7842.1645.0446.0447.3548.5153.6358.5662.5597.21Pressure (m) 

32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 Node 
number

44.6142.9742.842.9944.1842.1542.1644.7745.4746.6242.6443.0652.1961.0152.2345.41Pressure (m)
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���i� �� �6B�R E�,8" ��9�A$B$C��� ������ `��+�+su/yz4
pt/y�$qr/ys="�H�D" �	 ��,#��5% .
R��="�,�R �����C
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��� )$��:+ ��� ��C,+ �� /�!\5% .
%� 
�����
i� �� �6BR ��C$B=�" 4����� ��:V G�,�+B=�'� 
������ &�X�

 E��,8" 
������ �� =��,5'" ����*+ ���� �8<��,8� �6BR �� �!��%
 �li� �� �B<� �6BR =%�V ��9�C.
��5� ��2�� 

�/�/	7E� M+S<Q�����A 

4G�O" $� �� $��	 ��  ��,+ ���"��{�4���V��$ ��.,.��� ��i'�
 -6���R�$ $�����	 E����,+ �
���8�� �� ����	 ������ �
���R ���� G����9�
G���65%)Kadu et al., 2008(.
�R ��!�J� $ =���1" =���:+�� ����+
��V 3��� $ ��,� �:? ����� �6BR 3�% 3�%
% �� G�O" $��|| $�}

�� �� �6BR �8" ��V c��� �� `�+�+ 3�%�${=" ��K*+ ���5�R .
!!	
��V �.,. 4�% ��i�(� �� `�16" ��8" `�<� �� ��V �% =���" =�� $ �%
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Fig. 6. Kadu water distribution network 
67��I�,+ �6BR� $��	 �� 
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.���� G� 3�%�8"���� 

��*KlI��V )��O9" �.,. $ �% 3�% �6BR$��	 
Table 9. Node and link details of Kadu network 

987654321Pipe number
117514008006001620730940820300Pipe length

181716151413121110Pipe number
6508509001960500310700210750Pipe length
272625242322212019Pipe number

900850108067098011706601100760Pipe length

34333231302928Pipe number

32501320165011707301540650Pipe length
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	���� ��*KlI��V )��O9" �.,. $ �% 3�% �6BR$��	 
Cont. table 9. Node and link details of Kadu network 

7654321Node number
51.6469.97108.2974.97306.54 -I-Discharge (L/s) 

141312111098Node number 
176.6246.5226.57136.61191.6141.61103.3Discharge (L/s)

21201918171615Node number

209.9176.676.6356.64113.3150175Discharge (L/s)

2625242322Node number

36.6558.317533.3290Discharge (L/s)

��*K'mI�% $ ���
����!�.,. 3�% ��� ��O8�� -��(3�6BR$��	 
Table 10. Available pipe sizes and their unit costs for Kadu network 

1413121110987654321Pipe 
number

1000 900 800 750 700 600 500 450 400 350 300 250 200 150 Diameter 
(mm)

1939516151132611187410670818960925172425534752780215416001115
Cost 

(Rupees/m) 

Fig. 7. Pareto front of Kadu network optimization 
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Table 11. Pipe diameter of Kadu network for C solutions 

1716151413121110987654321Pipe number

5005003506008007501000100090045090030020060060010001000Diameter 
(mm)

3433323130292827262524232221201918Pipe number

150200200350600250400150600750600200150800150600300Diameter 
(mm)

��*K'.I��V ��9� 3��� �% �li�) $��	 �dBR =���� 3,+��� �� �
R ��O8�� �li�C(
Table 12. Nodal pressure of Kadu network for C solutions 

14131211109876543Node number

828285858585828285858585Allowable 
pressure (m)

94.4893.3493.3993.9394.1295.3494.0593.4095.2095.6697.0998.99Computed 
pressure (m)

262524232221201918171615Node number

808080828082828285828285Allowable 
pressure (m)

90.9991.6589.3290.3393.3892.5792.3791.3490.4593.5392.2891.30Computed 
pressure (m)

Fig. 8. D zone of Mashhad City water distribution network 
 67��I�,+ �6BR� �!J� ��D
J9" �JR 
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Table 13. Available pipe sizes and their unit costs for D zone network 

87654321Pipe number 

200 160 140 125 110 90 75 63 Diameter (mm) 

239680 154000 118160 94360 73360 49560 34720 23436 Rial/m (Cost) 

15 14 13 12 11 10 9Pipe number 

450 400 355 315 280 250 225 Diameter (mm) 

1209600 954800 753200 593600 470400 375200 305200 Rial/m (Cost) 

Fig. 9. Pareto front of D zone network optimization 
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Fig. 10. Comparison of Pipe Diameter selected Pareto 
solution for D zone network (Pipe length more than 400 

meters) 
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Fig. 11. Comparison of Pipe Diameter selected Pareto 
solution for D zone network (Pipe length between 300 

and 400 meters) 
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Table 14. Comparison of selected Pareto solution for D zone network 

DCBASolution title 
17,500,024,32716,685,852,35428,708,968,06914,200,532,768Cost (Rials)

0.90860.92400.94520.8544Todini’s resilience index

Fig. 12. Comparison of nodal pressure for C and D solution D zone network 
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Fig. 13. Comparison of nodal pressure for A and B solution D zone network 
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